Abstract We recently demonstrated that vaccinated rhesus macaques controlled viral replication of a heterologous SIV challenge. Here, we analyzed anamnestic SIV-specific CD4+ Tcell responses expanding immediately after challenge and show that successful vaccinees consistently targeted a short region of the Gag-p27 Capsid (amino acids 249-291). We have also defined the major histocompatibility complex class II (MHC-II) restricting alleles for several of these responses and show that DQ-restricted CD4+ T-cells depend on unique combinations of both the DQA and DQB alleles. Analysis of SIV-specific CD4+ T-cell responses elicited by a successful vaccine may have important implications in the understanding of vaccine design.
The role of CD4+ T-cells in controlling HIV/SIV viral replication is controversial. Evidence indicates that CD4+ T-cells are an important factor in controlling other pathogens that establish chronic infections (Matloubian et al. 1994; Hasenkrug et al. 1998; Grakoui et al. 2003; Virgin et al. 2009 ). In HIV and SIV infection, the presence of antigen-specific CD4+ T-cells correlates with control of viral replication (Kalams and Walker 1998; Letvin et al. 2006; Kawada et al. 2007 ). Elite controllers (ECs), who reduce viral replication to undetectable levels in the chronic phase, often have high frequency antigen-specific CD4+ Tcell responses (Rosenberg et al. 1997; Friedrich et al. 2007) , suggesting that these cells might be important in the maintenance of control. In addition, although HIV and SIV may preferentially infect antigen-specific CD4+ T-cells (Douek et al. 2002; Brenchley et al. 2006) , the frequency of this preferential infection in vivo is low (Douek et al. 2002; Virgin and Walker 2010) . Evidence may also suggest that high frequency effector-memory SIV-specific CD4+ Tcell responses elicited through vaccination associate with reduced viral replication following viral challenge (Hansen et al. 2009 ). These studies suggest that HIV/SIV-specific CD4+ T-cells may play a direct role in controlling viral replication. However, we only have a limited knowledge of what successful HIV/SIV-specific CD4+ T-cell responses should target in the virus. A better understanding of the role these CD4+ T-cells have in controlling HIV replication should be a high priority (Virgin and Walker 2010) .
We recently vaccinated eight Indian rhesus macaques with DNA/Ad5 encoding Gag, Tat, Rev, Nef, Pol, Vif, Vpr, and Vpx and mucosally challenged them with a low-dose heterologous SIVsmE660 swarm virus ). Seven of the vaccinees clearly became infected with the challenge virus, while one vaccinee may not have been productively infected and was not included in this analysis. Five of these seven vaccinated animals had reduced peaks of viremia and controlled viral replication to less than 50 viral RNA copies per ml. of plasma during the chronic phase of infection. These animals also mounted several high-frequency SIV-specific CD4+ T-cell responses that expanded during peak viremia after SIVsmE660 challenge. The remaining two vaccinees had high viral loads; one was indistinguishable from the unvaccinated naïve controls ). Here, we investigated the anamnestic SIVmac239-specific CD4+ T-cell responses detected after vaccination in the five animals that controlled viral replication to less than 50 viral RNA copies per milliliter of plasma. Previous studies have analyzed the CD4+ Tcell response directed against the entire viral proteome (Kaufmann et al. 2004) in HIV-infected humans and in SIV-infected EC Indian rhesus macaques (Friedrich et al. 2007) . However, few studies to date have analyzed the antigen-specific anamnestic CD4+ T-cell responses that expand during the peak of viremia in the setting of a successful vaccine.
The SIV-specific CD4+ T-cell response in vaccinated animals primarily targeted Gag We used groups of peptide pools (ten 15-mer peptides overlapping by 11 amino acids) that spanned the entire SIVmac239 proteome to determine the targets of these responses using enzyme-linked immunosorbent spot assay (ELISPOT) ). Most of these responses were directed against Gag (Fig. 1a) . Since the majority of these CD4+ T-cell responses were observed after vaccination ) and because the expansion in frequency occurred soon after infection, these responses are likely anamnestic vaccine-induced SIVmac239-specific CD4+ T-cell responses. Thus, the anamnestic vaccine-induced responses recognized epitopes from the heterologous SIVsmE660 challenge virus. These broad Gag-specific responses continued into the chronic phase of infection (Fig. 1b) . The Gag protein from HIV and SIV has previously been shown to be a major immunodominant target for virus-specific CD4+ T-cells in HIV (Kaufmann et al. 2004 ) and SIV (Friedrich et al. 2007; Giraldo-Vela et al. 2008; Sacha et al. 2009 ). Some of the responses detected during the peak of viremia were still present in the chronic phase of infection (6 months postinfection) (b). Several of the highest frequency responses in CD8-depleted PBMC from vaccinated animals that controlled viral replication were directed against the Gag G peptide-pool (amino acids 241-291), located within the SIV Capsid (Gagp27), during the chronic phase of infection (c). A + sign represents an anamnestic IFNγ positive CD8-depleted PBMC response detected against a particular region of Gag. The SIV-specific CD4+ T-cell responses directed against the Gag G peptide-pool (amino acids 241-291) located within SIV Capsid (Gag-p27) are shown underlying or overlying the amino acid sequence (d). The bars in a, b, and c represent the mean and the standard deviation Table 1 Epitopes recognized by anamnestic SIVmac239-specific CD4+ T-cell responses in vaccinated animals a a We mapped the SIV-specific CD4+ T-cell responses from five vaccinated animals (r01099, r02103, r02114, r02089, r97112) and generated 23 CD4+ Tcell clones specific for 23 different epitopes to determine MHC-II restriction b Only the proteins that elicited an anamnestic SIV-specific CD4+ T-cell response were included in the table c Peptide pools were comprised of ten peptides of 15 amino acids in length that overlapped by 11 amino acids. We used peptide-pools that span the entire SIVmac239 proteome to detect anamnestic SIV-specific CD4+ T-cell immune responses. The amino acid (aa) position for each peptide-pool in SIVmac239 is written in subscript next to each letter d Epitopes are named after their two flanking amino acids (aa) and their position in the SIVmac239 protein e Epitopes highlighted in gray denote epitopes that were mapped to a core epitope f The alpha chain is only denoted for the DQ alpha alleles. A dash (-) indicates that the restricting MHC-II allele for the targeted epitope was not determined g Animals with SIV-specific CD4+ T-cell responses targeting the same epitope are in bold of ECs, despite the high viral loads present in the peripheral blood (Friedrich et al. 2007) . Similarly, SIV-specific CD4+ T-cells also increased in frequency following SIVsmE660 challenge ), implicating these cells in the control of viral replication.
Some of the highest-frequency CD4+ T-cell responses were elicited by a short piece of the SIV Capsid (Gag-p27, amino acids 249-291, Gag G peptide-pool; Fig. 1c) . All of the vaccinated animals that controlled viral replication had strong anamnestic CD8-depleted PBMC responses directed against this short region of the SIV Capsid (amino acids 249-291) during the peak of viremia ) and maintained them during the chronic phase of infection (Fig. 1c) . We mapped seven different anamnestic SIVspecific CD4+ T-cell responses targeting the Gag Gpeptide-pool (amino acids 241-291). All of these targeted epitopes overlapped each other (Fig. 1d) Doxiadis et al. 2003; de Groot et al. 2004) presented to CD4+ T-cells more readily than others acting as a "hotspot" for the generation of epitopes (Surman et al. 2001) . These "hotspots" have also been reported to occur in the Chlamydia trachomatis major outer protein (Kim and DeMars 2001) . Here, this discrete region of SIV Capsid (amino acids 241-291) also appeared to be a "hotspot" for the generation of epitopes recognized by SIV-specific CD4+ Tcells. More importantly, however, all of the vaccinees that controlled viral replication consistently targeted this region after vaccination and following SIVsmE660 challenge (Gag G peptide-pool, amino acids 241-291; Table 1 ). Although this short region of SIV Capsid (amino acids 241-291) elicited some of the highest frequency responses in CD4+ T-cells from vaccinated animals that controlled viral replication, this region may not be as effective at inducing the same type of responses in CD8+ T-cells. Only the SIV-derived CD8+ T-cell epitopes QI9 (Sacha et al. 2008; Valentine et al. 2009 ) and the rarely detected YL9 (Sacha et al. 2008; Valentine et al. 2009 ) have been described for this region of SIV Capsid. These two epitopes only elicit subdominant responses in SIV-infected animals (Sacha et al. 2008; Valentine et al. 2009 ). This difference between epitopes recognized by CD8+ and CD4+ T-cells likely occurs because epitopes presented to these two cell types are derived from different antigen-processing pathways.
Besides the SIV Capsid region, vaccinated animals that controlled viral replication targeted several different regions of Gag, Pol, Vif, Rev, and Nef. We found 47 distinct anamnestic SIV-specific CD4+ T-cells responses. Interestingly, only five of the identified epitopes were targeted in more than one animal. Most animals appeared to have an exclusive set of anamnestic SIV-specific CD4+ T-cell responses ( Table 1 ). The fine mapping of all of these CD4+ T-cell responses suggested that the targeted epitopes were mostly clustered together; however, the region of the SIV Capsid in the Gag G peptide-pool (amino acids 241-291) appeared to contain an unusual number of tightly clustered CD4+ T-cell epitopes (Table 1) . T-cell responses is allele-specific. Three CD4+ T-cell clones specific for the Gag-WP10, Gag-KV10, and Gag-PI16 epitopes derived from animal r02089 were restricted by the DQB1*1801 allele and only the DQA1*2601 or DQA1*2402 alleles (a). DQA1*2601 paired with other DQ beta molecules and specific peptide did not elicit IFNγ secretion from the same three clones (b). The CD4+ T-cell clone specific for the Gag-LL11 epitope derived from r01099 and restricted by DQB1*1708 also required the DQA1*2402 allele for IFNγ secretion (c). A different DQ beta allele besides DQB1*1708 paired with DQA1*2402 did not elicit IFNγ secretion from the same clone (d). Bars in the four panels show the mean and the standard deviation of results from one representative experiment. Secretion of IFNγ was normalized to each SIV-specific CD4+ T-cell clone when stimulated with homologous BLCLs and relevant peptide. Single MHC-II allele pairs were expressed using RM3 cells
Vaccinated animals shared major histocompatibility complex class II alleles To identify the major histocompatibility complex class II (MHC-II) alleles expressed by the five vaccinated animals controlling viral replication, we generated CD4+ T-cell clones and cDNA libraries as previously described (Giraldo-Vela et al. 2008 ). All of the alleles appeared to be part of haplotypes that have been previously described (Table 2 ) (Doxiadis et al. 2000; Doxiadis et al. 2003; de Groot et al. 2004) . Notably, animal r02089 seemed to be homozygous for a common MHC-II haplotype (DRB1*0303, DRB1*1007, DRA1*0105, DQB1*1801, DQA1*2601, DPB1*06, DPA1*0202) ( Table 2 ) (Doxiadis et al. 2003) . MHC-II homozygosity has previously been associated with faster disease progression in SIV (Sauermann et al. 2000) and HIV (Zijenah et al. 2002) . Interestingly, this homozygous animal made CD4+ T-cell responses against 27 epitopes, whereas other vaccinated animals that controlled viral replication made CD4+ T-cell responses to fewer than 11 on average (Table 1 ). We also found that rhesus macaque r02089 shared what appeared to be an entire MHC-II haplotype with r97112. In addition, r97112 shared several MHC-II alleles with r02103 and r02114 (Table 2 ). However, we found no common MHC-II allele expressed among all of the five vaccinated animals controlling viral replication. Surprisingly, despite all of the MHC-II alleles we determined to be shared, the SIV-specific CD4+ T-cell responses elicited in these animals targeted mostly different epitopes (Table 1) .
MHC-II DQ beta and DQ alpha alleles are both involved in CD4+ T-cell-epitope restriction Unlike MHC-I complexes, in which a single chain forms the peptide-binding site, the peptide-binding groove for MHC-II is formed by the pairing of two distinct alpha and beta chains. In the case of MHC-II DR molecules, the amino acid variability of the DR alpha chain is restricted to regions outside the peptide-binding groove (Doxiadis et al. 2000; Doxiadis et al. 2003; de Groot et al. 2004) ; consequently, it is the MHC-II DR beta chain that determines the specificity for peptide binding. On the contrary, for MHC-II DQ molecules, we found that restriction of SIV-specific CD4+ T-cells depended on both the DQ alpha and the DQ beta alleles (Fig. 2) . We tested three different SIVspecific CD4+ T-cell clones targeting three different epitopes, Gag-WP10, Gag-KV10, and Gag-PI16 (Table 1) , all derived from r02089. We observed that only DQB1*1801 paired with DQA1*2601 or DQA1*2402 elicited optimal IFNγ secretion (Fig. 2a) . By contrast, the allele DQB1*1801 paired with DQA1*2602 elicited little IFNγ secretion from the three clones tested (Fig. 2a) . Four other DQ alpha alleles did not elicit any IFNγ secretion from the three clones tested (Fig. 2a) . We then paired DQA1*2601 with several DQ beta alleles and again tested clones specific for Gag-WP10, Gag-KV10, and Gag-PI16. We found that only the allele pair DQA1*2601-DQB1*1801 induced the secretion of IFNγ (Fig. 2b) . The DQA1*2601 allele paired with DQB1*1802 allele did not induce a significant secretion of IFNγ. In addition, another SIV-specific CD4+ T-cell clone (Gag-LL11, derived from r01099, Table 1 ) was specific only for the alleles DQA1*2402 and DQB1*1708 (Fig. 2c) . We then paired the allele DQA1*2402 with another DQB allele (DQB1*1802) and found that it did not elicit IFNγ secretion from this Gag-LL11 clone (Fig. 2d) . We found no difference in IFNγ secretion of SIV-specific CD4+ T-cell clones restricted by MHC-II DR and DP alleles using different combinations of DR alpha and DP alpha alleles respectively (not shown). To analyze different DQA and DQB pairings, as well as to determine the MHC-II restriction of each SIV-specific CD4+ T-cell clone, we used RM3 cells. These Epstein-Barr virustransformed B-cells do not express MHC-II molecules (Calman and Peterlin 1987) and can be used to express MHC-II proteins (Giraldo-Vela et al. 2008) . After transfection of RM3 cells with single MHC-II alpha and beta chains and pulsing them with peptides, we used them as antigen presenting cells for SIV-specific CD4+ T-cells (Giraldo-Vela et al. 2008 ). Thus, when defining which MHC-II DQ alleles restrict SIV-specific CD4+ T-cell epitopes, both the DQ alpha and the DQ beta alleles must be identified. Here, we showed that a particular region of the SIV Capsid is consistently targeted by SIV-specific CD4+ T-cells in vaccinated animals that control viral replication. This region contained several overlapping epitopes that were restricted by different MHC-II alleles. We also mapped several anamnestic SIV-specific CD4+ T-cell responses that expanded immediately after challenge. The study of cellular immune responses that correlate with a successful immune response, in this case elicited by a successful vaccine, may be important in HIV vaccine design.
